Subsurface radar imaging provides an insight into hidden scenes: For example, in security screening, radar can be used for the detection of dangerous objects or contraband. In non-destructive testing, radar imaging also allows to find internal material defects such as cracks or contaminations. Object contours and internal structures appear as echoes in the radar receive signal. The strongest echo typically is the one from the test object's surface. This echo can mask smaller echoes close to the surface and therefore, small inner structures may become invisible in the reconstruction image. To overcome this problem, we propose a novel concept to eliminate the surface echo in radar imaging. In contrast to existing surface elimination techniques, our approach can be used not only when screening objects with planar surfaces, but also on such that exhibit an unknown and possibly non-planar profile. Our approach is to combine radar and air-coupled ultrasound. Since air-coupled ultrasound cannot penetrate into solids, the receive signal only contains the echo from the test object's surface. The core of our concept is to generate radar and ultrasound signals with the same characteristics, i.e. they are equal in amplitude and phase. Then, the ultrasound data can be subtracted from the radar data and the resulting signal will only contain the echoes of the inner structures. When processing this data, the reconstructed images are almost free of reflections from the surface.
I. INTRODUCTION
Wave-based imaging, employing the synthetic aperture concept with electromagnetic (EM) or acoustic waves, has been proved to be an effective technique in contactless subsurface inspection. For instance, synthetic aperture radar (SAR) imaging is used in security screening [1] , [2] or the non-destructive inspection of polymers [3] , [4] ; synthetic aperture ultrasound is an appropriate solution in the inspection of metal devices [5] , [6] or in medical imaging. While ultrasound (US) is the less costly technique, radar offers the advantage that it does not require a coupling medium in order for the waves to penetrate into the device under test (DUT). Due to the very high difference between the acoustic impedances of fluids (e.g. air) and solids, a coupling medium (water, oil or a gel) is needed for non-destructive
The associate editor coordinating the review of this manuscript and approving it for publication was Junjie Wu. inspection with ultrasound. Air-coupled ultrasonic waves are reflected almost completely at the surface of solid objects. This feature, which is usually seen as a disadvantage, is turned into a benefit in the concept proposed in this paper. When a solid object is illuminated by air-coupled ultrasonic waves, the backscattered signal will only contain information of the surface. EM waves illuminating the same object, will contain the echo from the surface along with the signals backscattered from the inside, so long as the material under test is dielectric and transparent for the employed frequency. The idea now is to use the reflected ultrasound signal to eliminate the surface echo from the reflected radar signal.
Eliminating the surface echo can be very useful in many applications. Since the surface reflection often is the strongest echo it can cover weaker reflections from the inside, for example small air inclusions in a polymer or persons behind a wall as in through-the-wall radar (TWR). Especially, when the inside reflection occurs very close to the surface, the two signals may become inseparable due to resolution limits. FIGURE 1. Simulations of the reflected time signals from a point target behind a material boundary. In subfigure a) the target is located 5 cm from the boundary; in subfigure b) the target is located 0.3 cm from the boundary. The simulated bandwidth is 15 GHz allowing for a range resolution of 1 cm.
Accordingly, a number of techniques have been proposed in order to eliminate surface echoes in synthetic aperture imaging. The simplest way is to use a time-gating approach: When the reflections from surface and interior occur at a certain distance, the corresponding time signal will display well separable peaks. This is demonstrated in Fig. 1 a) . The figure shows a simulated noisy time signal of a point target behind a material boundary. The boundary is located 30 cm from the aperture plane and the point target is located at a distance of 35 cm. There are two clear peaks in the time signal and thus the part of the signal that corresponds to the inside can be extracted and processed alone. When the target is located close to the surface, however, a separation of the time signals may be no longer possible. This is demonstrated in Fig. 1 b) , which displays the time signal of the same setup as before, but now with the point target at z = 30.3 cm. In that case the two peaks appear as one and cannot be separated. Other surface cancellation approaches, originating from TWR imaging, aim at mitigating the surface echo by spatial filtering [7] , subspace-based [8] or entropy-based techniques [9] . These methods are based on the assumption that the surface signal is strongly similar for every aperture position. Therefore, these concepts typically can only be used upon scenarios with a planar surface [10] .
In radar imaging it has also been demonstrated that the use of cross-polarized signals (i.e. the polarizations of transmit and receive signal are orthogonal) can provide better detectability of subsurface structures [11] . The reason for this is that on planar surfaces there is no cross-polarized scattering. However, when the surface is irregularly shaped, there will be some cross-polarized scattering and the concept cannot be properly used either.
Our approach is not restricted to planar surfaces. To our best knowledge, no similar concept has been proposed yet. While sensor fusion employing radar and ultrasound has been used in a number of applications [12] - [14] there never has been an approach to directly combine the two wavetype signals for surface elimination in subsurface imaging.
The rest of the paper is organized as follows: In section II, a brief review on wave propagation and synthetic aperture focusing is given. It is demonstrated that acoustic and electromagnetic waves can be described analogously. Based on that, the new imaging concept combining the two wave types is derived in section III. The experimental verification of the concept is presented in section IV. As practical examples we screened a cardboard box and a shoe with a strongly profiled polymer sole. Finally, a conclusion is drawn in section V.
II. ANALOGY BETWEEN SAR AND ULTRASONIC SAFT
Radar with synthetic aperture allows for an augmented lateral image resolution compared to real aperture radar. A synthetic aperture is sampled by moving one or several antennas along a trajectory and an image is generated by numerically superimposing the single measurements. This concept can be adopted for acoustic waves. It is then termed synthetic aperture focusing technique (SAFT).
The basis for wave-based imaging in SAR and SAFT is the theory of wave propagation. Electromagnetic and acoustic waves differ in some of their characteristics -for instance an electromagnetic wave propagating in air is a transversal wave while an acoustic wave in air is a longitudinal wave. However, both wave types can be described by analogous wave equations. The respective equations read as [15] 
and
Equations (1) and (2) are inhomogeneous wave equations for the sound pressure p and the electrical field E, respectively. Their propagation velocities are the speed of sound c S and the speed of light c L . The right-hand-side term F( r, t) mathematically corresponds to a source term. This concept can be adopted analogously to the scattering of an object. The two wave types can thus be described by the same governing equation. A general inhomogeneous wave equation can be formulated in the frequency domain by
where k is the wavenumber. The solution to (3) is the Green's function g r, r , ω = e jk| r− r | 4π| r − r | (4) when the source F ( r, t) is a point source. For a distributed source, a solution to the inhomogeneous wave equation is obtained analogously, by multiplying the Green's function with the object distribution o r and integrating over the reconstruction volume [15] :
This equals a linear superposition of spatial Dirac impulses motivated by the fact that a distributed source (or reflector) can be seen as an ensemble of point sources [15] (or scatterers).
Since focusing uses the information of wave propagation and scattering, analogous image reconstruction algorithms can be used for EM and acoustic waves. Thus, when employing appropriate transmit and receive systems (antennas/ transducers), which account for the wave type, SAR and SAFT can be regarded as completely analogous concepts.
III. PROPOSED MULTIMODAL IMAGING CONCEPT A. SIGNAL MODEL
For the sake of simplicity we assume a monostatic synthetic aperture configuration here, i.e. transmitter (TX) and receiver (RX) are located at the same position r A .
When scanning a dielectric solid object, electromagnetic waves may be able to penetrate into the material. For a relative permittivity ε r > 1, there will be an echo from the material interface. Additionally, when there are inhomogeneities inside the material, these will also cause echoes. The overall SAR receive signal is the superposition of the echoes from the surface distribution o S ( r S ) plus the echoes from the inside o I ( r I ). A receive signal s RX,EM ( r A , ω) at frequency step ω, received at one point r A of a synthetic aperture can then be described analogously to (5) :
In (6), g S,EM ( r A , r S , ω) represents the Green's function corresponding to wave propagation in free-space (4), and g I ( r A , r I , ω) represents a Green's function corresponding to wave propagation through free-space and the material. The amplitudes A S,EM and A I,EM account for attenuation terms that will be elaborated on later. An air-coupled ultrasound system scanning the same dielectric solid object will only receive the echo from the surface due to the impedance mismatch between air and solid. It is assumed throughout this paper that the US waves are reflected completely at the surface of a solid (reflection coefficient is one). The respective receive signal s RX,US ( r A , ω) then reads
It can be seen from (6) and (7) that if the acoustic receive signal (7) is equal to the surface component of the SAR signal in (6), we can subtract the ultrasound receive signal from the SAR receive signal and there remains a modified SAR signal which contains only the echoes from the inside. This is the basic idea of our concept. The crucial issue now is to have equal signals for radar and ultrasound. When modelled as complex quantities, this means that the two signals have to be equal in both amplitude and phase. The receive signal's amplitude A includes the amplitude A S,EM or A S,US and the amplitude term of the free-space Green's functions in (6) or (7) . This overall amplitude A depends on a number of influences such as transmit power level, free-space attenuation, antenna gain and reflection coefficient.
The phase ϕ is the phase term of the free-space green's function
where r is the Euclidian distance between a reflecting target and an antenna. From (8) we can see that the phase only depends on the wavelength λ when the spatial information in r is the same for EM and US. Equal spatial information can be achieved when using antennas and transducers with similar directivity patterns, i.e. when the scene is illuminated in the same way in both measurements. Of course, both transceivers have to be moved along the same trajectory, too.
In that case, we can produce equal EM and US signals when using the same wavelength and calibrating the amplitude properly to eliminate the propagation effects.
B. SYSTEM CONSIDERATIONS AND CALIBRATION
First, the frequency range has to be selected according to the required resolution. The bandwidth B determines the range resolution δ r according to
where c is the propagation velocity of the waves. As an example, the radar bandwidth chosen in our measurements was in the range 95 GHz -110 GHz. This allows for a range resolution of approximately 1 cm. The selected frequency range corresponds to a wavelength range of
where c L is the speed of light and f EM is a frequency point within the selected band of electromagnetic waves. To obtain an ultrasonic wavelength equivalent, a frequency band has to be chosen according to
where c S is the speed of sound, and λ corresponds to the selected wavelength band from (10) . The speed of sound is approximately 343 m/s at 20 • C room temperature, but it is highly temperature dependent. So, in order to obtain wavelength-equivalent signals, a precisely known value of the speed of sound is essential. From (11) and (12) it can be deduced that electromagnetic waves with a frequency range of 95 GHz to 110 GHz display the same wavelength as ultrasound waves in a frequency range from 108.69 kHz to 125.85 kHz. This difference of approximately six decades is due to the different propagation velocities, where there is a factor of approximately 10 6 between the speed of light and the speed of sound. Note that, however, the range resolution is the same because the bandwidth gets scaled with the phase velocity (cf. (9)).
Having set the system parameters, the system calibration has to be performed. It consists of three main tasks: 1) Amplitude calibration 2) Phase calibration 3) Elimination of environment clutter In order to calibrate both amplitude and phase, we perform a reference measurement with a metal plate located in the expected range of the material boundary, z 0 . This measurement serves for two purposes: Firstly, by defining a reference phase
the phase origin can be calibrated to ϕ = 0 at the transducers' phase centers. Then, for both wave types the phase centers are physically at z = 0 and the two signals have no phase delay. With this kind of phase calibration, the phase responses of the components in the measurement setup are eliminated, also. Secondly, the measurement is used to calibrate the amplitude: Since the metal plate can be seen as a perfect reflector for both EM and US waves, we can eliminate amplitude influences such as free-space attenuation and TX power level. By setting the reflection coefficient for both wave types to r = −1, which is the reflection coefficient of an ideal short, the amplitude effects are calibrated out. The directivity pattern of the antennas/transducers is taken into account by selecting antennas and transducers with similar characteristics.
The second calibration measurement is performed in order to eliminate reflections from the environment such as cross-talk between the transceivers. Therefore, a measurement in empty space, i.e. without any targets, is recorded. This offset is then subtracted from the measurement and metal plate data.
In total, the measurement data s meas from the measurement with the DUT is calibrated according to
where s ES represents the empty-space measurement and s MP is the metal-plate measurement. For the sake of simplicity s cal (x, y, ω) is notated s cal , and so are s meas , s ES and s MP . The notation * denotes the mean over several measurements (we used ten in our experiments) in order to minimize noise influence. The calibration according to (14) is performed on both ultrasound and radar data separately. Note that since the acoustic propagation velocity is strongly temperature dependent the calibration is stable only so long as there are no changes in the surrounding temperature.
That way, in a measurement with a solid, dielectric DUT, the amplitude of the US signals should equal one due to the calibration; the amplitude of the EM signal will be scaled by the reflection coefficient of the dielectric material. Since our test objects often have a smooth surface, there will be mostly specular reflection. The monostatic imaging configuration will then only be able to capture reflections when the incidence is close to normal incidence. Waves with large incident angles will be reflected at the same large angle and therefore are out of the sensitivity range of the receiver. Therefore, we assume that there is only normal incidence to be considered in the further processing. In multistatic systems, the reflection coefficient is obtainable from the Fresnel formulae, but needs to be calculated separately for each TX-RX combination.
C. SIGNAL PROCESSING
After having calibrated both the radar and ultrasound raw data, they are processed to form an image. For imaging, efficient frequency-wavenumber-domain algorithms can be used [16] , [17] . The reconstruction approach is s rec = ω IFFT kx,ky FFT x,y s RX,cal (x, y, 0, ω) · e jk z z 0 (15) to back-propagate the field measured at the aperture plane (z = 0) to the range z 0 of the material boundary. From there, further backpropagation is achieved by a slice-wise phase shift for every range gate [18] . The computation can be sped up when interpolating the phase-shifted signal from ω to k z and using a three-dimensional inverse FFT to transform the data back to the spatial domain [18] . However, we did not use this interpolation here in order to have a linear reconstruction.
The key point is then to obtain an image without the surface reflection. For that purpose, the two datasets have to be combined appropriately. As described above, while the US signal should ideally have an amplitude of |A| = 1, the EM signal's amplitude will be equal to the EM reflection coefficient r EM , which is assumed to be the reflection coefficient for normal incidence (see Sec. II-B) r EM = n 2 − n 1 n 2 + n 1 (16) with n 1 = 1 and n 2 representing the refractive index of the DUT. To combine the two signals, there are basically two possibilities: 1) Scale the calibrated US data with the radar reflection coefficient and subtract from the calibrated EM data. Perform image processing on the modified data.
2) Perform image processing on US and EM data separately and subtract resulting US image data scaled by reflection coefficient from EM image data:
Since the image data (s EM,rec (x, y, z), s US,rec (x, y, z)) are the magnitudes of the complex reconstruction data, regarding 2), there are two possibilities when to take the magnitude: The first is to subtract the complex data and then take the magnitude. This will yield the same image as procedure 1) since all reconstruction steps are linear operations (cf. (15) ). The second way is to reconstruct two images separately (included taking their magnitude) and then subtract these (real-valued) data. Experiments have shown that this second way may yield better image quality. The reason for this is that in non-ideal measurement surroundings there may still be a little phase difference between the US and EM data. When processing each dataset separately and taking the magnitude first, a phase difference between the two sets no longer has an effect.
IV. EXPERIMENTAL VERIFICATION A. MEASUREMENT SETUP
The setup used for the demonstration is an imaging system consisting of three axes that can be controlled by step motors. That way, synthetic apertures can be sampled along the x and y direction. The system operates in a quasi-monostatic setup, i.e. the transmitter and receiver unit are located close to each other (approximately 4 mm in our setup). When the distance to the object under test is much larger than the distance between the transceivers, the data processing can be accomplished under the assumption of a monostatic setup with its phase center in the middle between the two transducers.
For transmitting and collecting the data, a pair of ultrasound transducers and a pair of antennas for radar are used. For the radar measurements, two spline horn antennas fabricated at the institute are employed; the ultrasound transducers are commercial piezo-electric transducers (SONOSCAN CF 125). These focusing transducers are incorporated into the SAFT according to the virtual source principle [19] - [21] . It is assumed that the focus acts as a point source emitting a spherical wave. The antennas and transducers are mounted above each other so that their x-coordinates are equal. Their displacement in y-direction is 5 cm, which is considered in the measurement and imaging process. They are mounted in such a way, that their phase centers are at the same z-position: The phase center of the ultrasound transducers is their focal volume, 32 mm in front of the aperture plane; the spline horns' phase centers are located 27 mm behind their respective aperture planes. Thus, by mounting antennas and transducers 59 mm apart, the phase offset due to the focusing length will be eliminated physically.
For the signal generation, we use two vector network analyzers (VNA): Rohde & Schwarz ZVA 24 combined with frequency extenders for the radar signal path, and Rohde & Schwarz ZVRE for the ultrasound signal path. The use of two different network analyzers is necessary here because the operating frequencies are approximately six decades apart, which cannot be covered completely by one network analyzer.
For the ultrasound signal a power amplifier (PA) is used on the TX path in order to generate the high voltages necessary for the piezo transducers. On the RX path, a low noise amplifier (LNA) is employed because of the relatively high attenuation expected. Both signals are analogous: We employ a stepped frequency continuous wave signal with 201 frequency points and measure the s 21 parameter on the network analyzer.
A sketch of the measurement setup's components is given in Fig. 2 , a photograph of the laboratory setup is shown in Fig. 3 .
B. TEST SCENARIOS AND IMAGE RECONSTRUCTION
To validate our multimodal wavelength-equivalent imaging concept, we show several measurement examples. In order to demonstrate the equivalent imaging characteristics of the two wave types, first the systems' point spread functions (PSFs) are evaluated. The PSF is the system's answer to a point source excitation, which corresponds to the spatial impulse response. Therefore, an imaging system is fully characterized by its PSF [16] . To simulate a point target we used a steel wire of diameter 0.8 mm and performed a vertical line scan of the wire. The employed bandwidths were 94.6 GHz -110 GHz for the SAR system and 110 kHz -128.2 kHz for the US system. These values are equivalent for a speed of sound of 349 m/s inside the laboratory. A lateral step width of 1.3 mm was chosen according to the sampling theorem. The resulting 2D images of the normalized PSFs are shown in Fig. 4 . It can be seen that the two systems display very similar imaging characteristics. To quantify this, the lateral and range resolution were estimated by the distance between the image points of an intensity 50 % below the maximum. The range (z) resolutions are estimated to be ca. 1.1 cm for both wave types, which corresponds well to the bandwidth (c.f. (9) ). Since the antennas and transducers have circular apertures, the lateral resolutions in x and y are assumed to be equal for both wave types. They can be estimated to be ca. 7 mm for the EM wave type and ca. 8 mm for the acoustic wave type.
The second example is a cardboard box with several objects (both metallic and dielectric) inside. A photograph of the parcel is shown in Fig. 5 ; above is the front side which is seen from the aperture plane. Below is a photo of the Fig. 6 shows the receive signals for both wave types in the time domain. They are obtained by performing an inverse Fourier transform on the frequency domain data from the SFCW measurements. The receive signals are plotted along the vertical direction (y) of the aperture, in the middle of the aperture with respect to the horizontal direction (i.e. at x = 0).
As expected there are two main reflections in the EM signal. They correspond to the front side and the backside of the box. In the acoustic signal, in contrast, there is only one reflection. It corresponds to the surface echo.
The measurement data were calibrated and processed according to the procedure described in Secs. III-B and III-C.
The resulting images are shown in Fig. 7 . All images show the maximum projection of the data, i.e. the maximum absolute value along all range bins for every image point (x|y). All images are normalized to their respective maximum value and depicted in dB.
From top to bottom there are -the reconstructed SAR image, -the reconstructed US image, -the reconstructed image of the modified raw data as in (17) and -the reconstructed image of the modified reconstruction data as in (18) . The image results depicted in Fig. 7 shall now be discussed.
The strongest reflection in the SAR image is generally the surface of the parcel. Only a small segment of the metallic Siemens star can be seen through. Regarding the ultrasonic reconstruction image, we see that only the surface is visible. As expected, there is no trace of the Siemens star or any other object inside the parcel. It can be noted when comparing the SAR and US images that though both clearly depict the parcel's surface, the two images are not equal. Especially in the middle, where there is the tape, the two images apparently differ. This may be due to the fact that the tape is not too tightly sticking to the cardboard in some areas. Then it is possible that the acoustic waves excite the thin layer of tape to oscillate. This, of course, will mean an impact on the signal's phase, which is not existing in the radar measurements.
The third subfigure shows the combination of the two calibrated raw datasets. Since the exact reflection coefficient of the cardboard was not known in advance, we estimated it from the reconstructed datasets of radar and ultrasound: From the calibration, their amplitude relation equals the radar reflection coefficient (cf. Sec. III-B); so we estimated the reflection coefficient by averaging the pixel amplitude in the range gates corresponding to the box's surface and dividing the values from SAR and SAFT. This procedure yielded a radar reflection coefficient of ca. 0.3. Note that this value is the estimation only for the particular object.
It can be seen that the surface is partly cancelled out; the knife and bottle on the left as well as the Siemens star and the scissors on the right can now be identified. In the region of the tape, however, there is hardly any surface cancellation. Here again, the effect might be due to some unwanted oscillations of the not too well-fastened tape. Because of that the ultrasound data might display a different phase than the SAR data and accordingly the concept will not work in such areas. It has to be noted that there was a phase difference of approximately 167 degree between the two measurement datasets which had to be found empirically.
Finally, the image of the subtracted reconstruction datasets are shown. Again, the reflection coefficient was assumed to be 0.3. In this subfigure, a very good cancellation of the echo from the parcel's surface can be observed. The content from inside the box is now clearly visible with only the slightest trace of blurring from the tape's edges.
To demonstrate the ability of cancelling arbitrarily shaped surfaces, a strongly profiled shoe sole was imaged. Inside the shoe the metallic Siemens star from the previous measurements is hidden. Its diameter is 6 cm. A photo of the sole is shown in Fig. 8 . For a speed of sound of 348.03 m/s a frequency range of 94.9 GHz to 109.8 GHz was used for the EM waves along with a frequency range of 110 kHz to 127.5 kHz for the acoustic waves.
The reconstructed radar image is shown in Fig. 9 a) . As above, the maximum projection of all range gates is shown. The image data are normalized to their maximum value and depicted in dB. The sole is well recognizable; the Siemens star however cannot be clearly distinguished. Fig. 9 b) shows the image reconstructed from the proposed multimodal approach by subtraction of the reconstruction data. Now, the Siemens star hidden below the sole becomes visible -the surface reflection is cancelled out almost completely.
The measurement results prove that our proposed approach is feasible. As discussed above, it may be more suitable to first reconstruct the two datasets separately and superimpose their absolute images. This method appears less prone to errors caused by small phase discrepancies between the two wave types. However, the concept of combining the calibrated raw data directly may also yield acceptable images. This procedure has the benefit that it only requires one reconstruction process, which might be advantageous when processing very large datasets.
V. CONCLUSION
We presented a novel approach to subsurface imaging combining radar and ultrasound with synthetic apertures. When employing signals of the same wavelength and using an appropriate amplitude calibration, it is possible to subtract the ultrasound data from the radar data and eliminate the surface echo that way. This procedure is applicable to either the calibrated raw data or the reconstructed image data. An estimation of the permittivity of the medium is possible from the concept, too. Compared to existing surface-mitigation techniques, our concept, though requiring more hardware, provides the advantage that it can be used on irregular and unknown surface shapes, not only to planar ones. It is furthermore capable of displaying structures close to the surface which are otherwise masked by the strong surface echo.
Experimental results were shown to validate the concept. The proposed method was able to cancel out the surfaces of the test objects. A clear vision of the insight was made possible.
Future research will focus on an improved hardware setup in order to avoid the use of the two network analyzers. Furthermore, we intend to use higher frequency ranges, for instance THz radar combined with ultrasound in the MHz range, in order to obtain higher image resolution. Concerning future applications, we plan to apply the concept on non-destructive testing scenarios such as crack detection in polymer devices.
